Introduction
On the other hand, there are very limited numerical analyses on shear 100 behaviour of keyed joints published. Rombach (1997) where Ecm is elastic modulus (in MPa) of concrete; and fcm is ultimate compressive 151 strength of concrete (in MPa). The strain at peak stress is ɛc1, and ultimate strain is 
The second one follows the general assumption, in which tensile strength is equal to
166
10% of the compressive strength of concrete. It is deserved to be noticed that the 167 tensile strength suggested by Eurocode 2 is about 7%-7.5% of the compressive 168 strength of the concretes tested by Buyukozturk et al. (1990) and Zhou et al. (2005) .
Tension softening refers to the phenomenon that concrete can carry tension even after 170 cracking, though tensile strength gradually decreases with increasing tensile strain.
171
For structural elements where there is no or slight reinforcement in concrete, the 172 approach based on the stress-strain relationship may introduce unreasonable mesh 173 sensitivity to the results (Simulia 2011). Therefore, it is better to define the fracture 174 energy or defining the stress-crack opening displacement curves. The softening 175 behaviour of concrete can be defined using linear, bilinear and exponential 176 expressions. The more accurate and realistic model is the exponential function which 177 was experimentally derived by Cornelissen et al. (1986) and is adapted for this study: 
where σ t is the concrete tensile stress, c 1 = 3.0 and c 2 = 6.93 are empirical 179 constants, w t is the crack opening displacement and w c = 5.14G f /f t is the 180 cracking displacement at the complete release of stress. The fracture 181 energy Gf can be estimated following (Qureshi et al. 2011) :
where G f 0 is the base value of the fracture energy, which depends on the maximum 183 aggregate size and is taken as 0.03 N/mm, and f cmo = 10 MPa is the base value of the 184 mean compressive cylinder strength of concrete. Similarly to the case of compression,
185
the tensile damage parameter dt needs to be defined at each crack opening (see 186 Shamass et al. (2015) on how to obtain dt).
187

Crack Detection in Numerical Analysis
188
Due to the reason that the concrete damaged plasticity (CDP) model does not 189 support the concept of cracking developing at the material integration point, the crack assumed that cracking initiates at points where the tensile equivalent plastic strain is 192 greater than zero and the maximum principle plastic strain is positive. no information about the material properties of the used epoxy was provided.
221
Therefore, the same material properties presented in Table 1 restrained against all transitional degree of freedom (Fig. 1 ).
280
The numerical analyses of multiple-keyed joints show that cracks in the concrete occur by Buyukozturk et al. (1990) , the same findings are also observed, i.e. both ultimate 7c.
412
According to the crack propagation of "Keyed epoxy; 2mm 3.45MPa" specimen, the 
where is the average shear stress in psi along the shear plane; f cm is the 511 compressive strength of concrete in psi; and is the confining pressure in psi.
512
The corresponding equation in SI unit is
where τ, f cm and σ c are all in MPa.
514
Therefore, the shear strength of the single-keyed epoxied joints
A is the area of the shear plane. Koseki and Breen (1983) and Mohsen and Hiba (2007) . It would appear to be more reasonable by adapting the empirical formula (Eqs. 6 and 7) as a function 537 of concrete tensile strength ft.
516
538
As can be noticed the second term of the right hand side of Eq. 6 ( 2 ) is independent 539 on concrete strength and only depends on the applied confining pressure. Therefore,
540
only the first term of Eq. 6 ( 1 ) has to be re-written. Fig. 14 concrete. This allows the first term of Eq. 6 to be re-produced using the cross-546 multiplication with a single variable ft as shown in Eq. 8.
Therefore, 
Conclusions
561
The present study has been addressed to investigate the behaviour of single-keyed single-keyed joints and -12.5% to 7.6% for the case of multi-keyed ones.
586
-Concrete tensile strength has significant effect on the behaviour of keyed joints.
587
Increasing the tensile strength of concrete from 7.5%fcm (i.e. per the Eurocode strength. Moreover, the variation in elastic modulus of epoxy has no effect on 603 the ultimate shear strength of the epoxied joints when it is greater than 25%Ec.
604
It is recommended to use epoxy with Young's modulus no less than 25% of that 605 of concrete in epoxied keyed joints for precast concrete segmental bridges. The area in which the tensile strength of concrete is increased deliberately 
